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A DOPED-RING AMPLIFYING OPTICAL FIBER, AND AN AMPLIFIER 
CONTAINING SUCH A FIBER 

The present invention relates to the field of 
optical fiber telecommunications. More precisely, the 
5 invention relates to a doped-ring amplifying optical 
fiber and to an amplifier containing such a fiber. 

In known manner, it is desired to increase the 
performance of erbium-doped fiber amplifiers (EDFAs) , 
which amplifiers are generally used on long-distance 
10 optical links in order to amplify wavelength division 
multiplexed (WDM) signals. 

The fibers are designed to obtain the most efficient 
amplification possible over a wavelength band that is as 
broad as possible or over a plurality of bands such as 
15 band C (1530 nanometers (nm) to 1565 nm) or band L 
(1565 nm to 1625 nm) . 

The document entitled "3 0% power conversion 
efficiency from a ring-doped all-silica octagonal Yb-free 
double-clad fiber for WDM applications in C-band M by 
20 P. Bousselet et al . , in Optical Amplifiers and Their 
Applications Conference, PD1, 2001 Technical Digest, 
Optical Society of American, pp. 2-4, discloses an EDFA 
amplifier incorporating a silica-based amplifying optical 
fiber. More precisely, the optical fiber presents the 
25 following structure: 

- a single-mode core, having a central region with a 
diameter equal to 7 micrometers (/urn) ; 

- a multimode core, being an intermediate region 
surrounding the central region and having an outer 

3 0 diameter equal to 44 /xm, the multimode core containing a 
layer doped in active erbium ions, referred to as a 
"doped ring"; and 

- cladding, an outer region surrounding the 
intermediate region and having an outer diameter equal to 

35 about 150 /xm. 

The EDFA also includes a multimode pump of power 
equal to 2.3 watts (W) , delivering a pump wave at a 
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wavelength equal to 98 0 nm, and coupled to the amplifying 
fiber by a single -mode fiber and a wavelength 
multiplexer. In order to be amplified, multiplexed 
optical signals of wavelengths in band C are injected 
5 into the amplifying fiber. 

The EDFA disclosed possesses gain in band C that is 
greater than that of conventional EDFAs because of better 
conversion efficiency in said erbium-doped ring 
amplifying fiber. 

10 The object of the present invention is to devise a 

compact and integrated fiber amplifier of low cost and 
having performance that is further improved in terms of 
efficiency, amplification level, number of channels 
(enlarging band C and/or L or new gain ranges . . . ) , and 

15 amplified signal quality (low noise level, low dependency 
on variations in pumping power, . . . ) . 

To do this, the invention seeks to make it possible 
to make a hybrid amplifier making effective use both of 
the Raman effect and of the amplifying properties of 

20 active rare earth ions such as erbium ions. The 

amplifier then benefits from the combined advantages of 
both amplification techniques. 

A few definitions of parameters involved in the 
invention are initially recalled. 

25 To a first approximation, the Raman efficiency Cr of 

a fiber is defined by the equation: 

Log (Pon/Pof f ) = Cr.Pp.L 
in which Log is the Napierian algorithm, L is the length 
of the fiber, Pp is the power of a Raman pump wave 

30 injected into the fiber, Pon is the optical power at the 
outlet of the fiber of an optical signal that has 
traveled along the fiber in the presence of the pump 
wave, and Poff is the optical power at the outlet of the 
fiber of the same optical signal that has traveled along 

3 5 the fiber in the absence of the pump wave. 

Another way of expressing the above relationship 
involves the Raman "on/off" gain, Gonoff, which, 
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expressed in decibels (dB) , can be estimated by the 
formula given below, which applies to an amplifier of 
short length and providing the attenuation of the Raman 
pump is weak (less than 2 decibels per kilometer (dB/km) : 
5 Gonoff = 10 log (Pon/Pof f ) = 4.34 Cr . Pp . L 

in which log is the base 10 logarithm. 

Raman efficiency Cr is expressed per watt and per 
kilometer (W^km -1 ) and can lie in the range 0.5 W^krrr 1 to 
5 W^knr 1 , for example. 

10 In addition, the presence of active rare earth ions 

in a fiber implies that the fiber absorbs an injected 
optical signal traveling along it. If an appropriate 
pump wave is injected, the- fiber is also the seat of 
stimulated emission, and the difference between emission 

15 and absorption constitutes the gain of the doped fiber. 
This absorption is defined by an absorption coefficient 
expressed in decibels per meter (dB/m) which presents a 
maximum value as a function of signal wavelength known as 
the absorption maximum. This absorption maximum is also 

20 expressed in dB/m and is defined as the absorption peak. 
The absorption peak is obtained for a wavelength that 
also corresponds to the emission maximum and lies around 
1530 nm for erbium, for example. 

Thus, the present invention provides a doped ring 

25 amplifying optical fiber comprising: 

- a single-mode core of given diameter; and 

- a multimode core surrounding the single -mode core 
and containing a doped layer referred to as a "doped 
ring", having a certain concentration of active rare 

30 earth ions, the fiber being suitable, because of the 

active rare earth ions, for amplifying an optical signal 
for injection into the amplifying fiber; 

the fiber being characterized in that it is of a 
length and has Raman efficiency such that the product of 

35 said length multiplied by said Raman efficiency is 

greater than or equal to 0.5 W' 1 , and in that, for said 
fiber presenting absorption for an injected optical 
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signal due to the presence of active rare earth ions, 
said absorption being defined by an absorption 
coefficient expressed in dB/m and presenting a maximum 
value as a function of the wavelength of said signal, 
5 which value is referred to as the absorption maximum, 

said fiber presents accumulated absorption, corresponding 
to the product of said length multiplied by said 
absorption maximum, which is greater than or equal to 
100 dB. 

10 For a given Raman efficiency, the invention amounts 

to selecting a wavelength that is long enough to obtain 
appreciable Raman gain, at limited Raman pump power, and 
accumulated absorption adapted to the desired level of 
rare earth ion amplification gain. The accumulated 

15 absorption condition also implicitly gives a limiting 

value on the length of fiber that allows rare earth ion 
gain to exist, it being understood that such gain 
diminishes and then disappears if the length of the fiber 
is increased beyond a certain limit. 

2 0 Thus, the absorption maximum, the length of the 

fiber, and the Raman efficiency are parameters that are 
interrelated, and they are judiciously selected to make 
both types of amplification effective. 

It is appropriate at least for the length of fiber 

2 5 to be selected to be short enough to ensure that 

amplification by active rare earth ions provides gain of 
not less than 1 dB . Naturally, it is preferable to 
select a length that provides gain that is much greater, 
it being understood, for example, that erbium ion 

30 amplification makes it possible under such conditions to 
achieve gain of about 60 dB, by providing sufficient 
erbium pump power. 

The two types of gain are cumulative in the sense 
that they can add when they act on a common range of 

35 wavelengths or they can enable optical signals to be 
amplified in two distinct ranges that do not overlap. 
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For example, the Raman gain may correspond to at 
least 10% of the erbium gain. 

An accumulated absorption of about 100 dB at 1530 nm 
makes it possible, for example, to obtain erbium 
5 amplification gain of about 2 0 dB over band C. 

In addition, to obtain 2 dB of Raman gain, for 
example, with a 1 W pump, it is necessary to have a fiber 
that is about 1 km long for the least efficient fiber and 
about 100 m long for the most efficient. Naturally, a 
10 greater length enables greater Raman gain to be obtained 
without requiring greater pump power. 

In a first embodiment of the invention, fiber length 
is greater than or equal to 100 m, and the absorption 
maximum is less than or equal to 1 dB/m. 
15 The length is adjusted, and more precisely 

increased, relative to that of prior art doped-ring 
amplifying fibers, in order to favor the Raman effect, 
conversely, the absorption maximum is adjusted, and more 
precisely decreased compared with that of prior art 
20 doped-ring amplifying fibers. 

Nevertheless, Raman amplification of the invention 
is discrete since it refers to the Raman effect that 
occurs over a relatively short length in an amplifying 
fiber of an amplifier. This amplification differs from 
25 Raman amplification of the kind that is commonly referred 
to as being "distributed" as is obtained directly in a 
line fiber and relates to the Raman effect implemented 
over a longer amplification length. 

Preferably, Raman efficiency may be greater than or 
3 0 equal to 3 W^km -1 so as to obtain a fiber that is 
relatively short. 

According to a characteristic, the inner radius of 
the doped ring may be greater than 1.5 ptm so as to adjust 
the absorption maximum to lie in the desired range of 
35 values. 

According to another characteristic, the 
concentration of active rare earth ions is selected to be 
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less than or equal to 1000 parts per million (ppm) , and 
when the rare earth ions are erbium ions, less than or 
equal to 300 ppm, with concentration in these ranges also 
making it possible to adjust the absorption maximum to 
5 lie in the desired range of values. 

The concentration in active rare earth ions is lower 
than the concentration that is usual in prior art doped- 
ring amplifying fibers. 

The selected concentration for active rare earth 

10 ions depends on the selected rare earth and on the 

position of the doped ring. For example, by selecting 
ytterbium, the maximum acceptable concentration of active 
rare earth ions is greater than that of erbium. In 
addition, this concentration also depends on the selected 

15 length: the greater the length the smaller the 
concentration . 

Furthermore, the refractive indices selected for the 
single -mode core and the multimode core also have some 
influence. More precisely, for the single-mode core 

20 having at least a first refractive index and for the 

multimode core having at least a second refractive index, 
the difference between the first and second refractive 
indices is preferably greater than or equal to 0.01. In 
addition, the diameter of the single-mode core may be 

25 selected to lie in the range 3 fim to 5 /xm. 

A refractive index difference that is sufficiently 
large and a small core diameter serve to reinforce the 
single-mode nature of the central core and thus to 
achieve greater confinement of the fundamental mode of 

3 0 the Raman pump wave and of the multiplexed signals 
injected into the fiber, thereby increasing Raman 
efficiency. 

In a preferred embodiment, the single-mode core is 
based on silica or on fluoride glass and it is doped by 
3 5 dopants selected from phosphorous, germanium, tellurium, 
aluminum, and boron. These dopants contribute to high 
Raman efficiency. 
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In a preferred embodiment, the rare earth doped ring 
is based on silica or on fluoride glass and is doped by 
additional dopants selected from the following compounds: 
Li 2 0, Na 2 0, K 2 0, Rb 2 0, Cs 2 0, BeO, MgO, CaO, SrO, and BaO. 
5 These additional dopants increase amplification by rare 
earth ions. 

When the ring is made of fluoride glass, the active 
rare earth ions are preferably thulium ions. 

Naturally, the present invention also provides an 
10 amplifier for amplifying an optical signal, the amplifier 
comprising : 

- a doped ring amplifying optical fiber; and 

- a multimode pump coupled to said fiber perform 
amplification by active rare earth ions, 

15 characterized in that the amplifying optical fiber 

is as defined above, and in that it includes at least one 
single-mode pump coupled to the amplifying optical fiber 
to perform Raman amplification in addition to said 
amplification by the active rare earth ions. 

20 In a preferred embodiment, the wavelength of the 

single-mode pump can be selected to broaden the spectrum 
of the gain obtained by the active rare earth ions. 

In another preferred embodiment, the wavelength of 
the single-mode pump is selected to lie in the range of 

2 5 wavelengths in which gain is obtained by the active rare 

earth ions. In this manner, the wavelength of the 
single-mode pump can benefit from amplification by the 
active rare earth ions, for example it can be selected to 
be around 1560 nm for erbium. This amplification of the 

3 0 Raman pump compensates for its loss of energy and enables 

the Raman gain to be increased. 

Depending on the configuration, the Raman gain is 
involved in a range of wavelengths having a zone in 
common with the gain range obtained by the rare earth 
35 ions, or else situated outside the gain range obtained by 
the rare earth ions. For example, the Raman gain may 
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occur around 1600 nm associated with amplification by 
erbium in band C. 

Naturally, in this last-mentioned configuration, if 
optical signals presenting wavelengths in the 
5 amplification range are also injected into the fiber, 

then the wavelength of the single -mode pump is selected 
to lie between two of these channels. 

The features and advantages of the invention will 
appear clearly on reading the following description made 
10 by way of non-limiting illustration and with reference to 
the accompanying figures, in which: 

- Figure 1 is a diagram of an amplifier for WDM 
optical signals in a preferred embodiment of the 
invention; 

15 - Figure 2 shows the gain profile as a function of 

wavelength respectively for a prior art EDFA and for the 
amplifier of Figure 1; 

- Figure 3a is a fragmentary longitudinal and 
perspective view of the Figure 1 amplifying fiber; and 

20 - Figure 3b shows the refractive index profile of 

the single-mode core and the multimode core of the fiber 
as a function of distance x from the center of the fiber. 

Figure 1 is a diagram in a preferred embodiment of 
the invention showing an amplifier 100 for amplifying WDM 

25 optical signals s u , e.g. in an enlarged band C extending 
from 1500 nm to 1565 nm. 

The amplifier comprises an amplifying optical fiber 
1 in accordance with the invention, having a doped ring 
with active rare earth ions which are preferably erbium 

30 ions. The amplifying optical fiber 1 of structure that 
is described in greater detail below, is in a glass 
matrix and is preferably based on silica, possessing a 
single-mode core and a multimode core. It is long enough 
to ensure effective discrete Raman amplification. 

35 The amplifier 100 also comprises: 
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- a multimode pump 2 for erbium amplification, of 
power in the range 1 W to 10 W, and delivering a first 
pump wave s p of wavelength equal to 980 nm; and 

- a single-mode pump 3 for Raman amplification, of 
5 power approximately 100 milliwatts (mW) to 5 W, and 

delivering a second pump wave s' p of wavelength equal to 
about 14 2 8 nm, for example, in order to obtain Raman 
amplification at the beginning of band C. 

The multimode pump 2 is coupled to a multimode fiber 
10 4 which is itself coupled near the inlet la of the fiber 
1. In addition, the single-mode pump 3 is coupled to a 
single-mode fiber 4' which is itself coupled near the 
outlet lb of the fiber 1. 

In the amplifying fiber 1, the signals s u and the 
15 first pump wave s p are co-propagating (along the axis in 
the X direction), whereas the second pump wave s' p is 
contra-propagating (along the axis in the opposite 
direction X ' ) . 

In addition, the signals s u and the second pump wave 
2 0 s' p are guided in the single -mode core. 

The amplifier 100 is compact since only a single 
amplifying fiber is used for the two amplification 
techniques. The amplifier 100 is also economic in Raman 
pump power . 

25 In Figure 2, curves a and b show gain profile as 

function of wavelength respectively for a conventional 
doped- ring ED FA provided with a multimode pump analogous 
to the pump 2, and for the amplifier 100. 

The gain of the amplifier 100 is clearly greater in 

30 the range 1500 nm to 1600 nm, and it also enables optical 
signals to be amplified over a broader range of 
wavelengths by selecting the single-mode pump to have a 
wavelength of 14 2 8 nm. 

Figure 3a is a fragmentary longitudinal and 

35 perspective view of the amplifying optical fiber 1. 
Figure 3a is diagrammatic and not to scale. 
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The amplifying optical fiber 1 is of cylindrical 
geometry, for example, and comprises: 

- a single-mode core 10 of small diameter dl , 
preferably equal to 3 /im, and having a first refractive 

5 index nl ; 

- a multimode core 20 surrounding the single-mode 
core 10 and having a second refractive index n2 that 
varies, with an outer diameter d2 equal to about 3 0 /xm, 
for example; and 

10 - cladding 3 0 surrounding the multimode core, with 

an outer diameter lying in the range 150 /im to 200 fim, 
and having a third refractive index n g , where 
nl > n2 > n g . 

The single-mode core 10 contains germanium dopants 5 
15 increasing the conventional Raman gain obtained by the 
silica . 

Raman efficiency is equal to about 4 W^km' 1 . 

The multimode core 20 contains a "ring" layer 21 
which is doped with erbium ions 6 at a concentration cl . 
20 This layer of substantially circular circumference 
presents an inner radius r t and an outer radius r e . 

The concentration and the position of the ring are 
adjusted to obtain an absorption maximum of less than 
1 dB/m. 

25 Preferably, the length of the fiber is equal to 

500 m, the absorption maximum is equal to 0.2 dB/m, and 
the accumulated absorption is equal to 100 dB. 

Thus, the concentration cl is lower than 300 ppm and 
preferably about 100 ppm for Raman amplification. The 

30 conversion efficiency for erbium amplification is high 
because of the distribution of erbium 6 in the doped 
ring . 

In addition, the inner radius r ± is equal to 
approximately 4.25 /im while the outer radius r e is equal 
35 to approximately 6.5 /im. 

In Figure 3b, curve C shows the profile of the first 
and second refractive indices nl and n2 as a function of 
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distance x from the center of the fiber (in microns) . 
More exactly, the ordinate corresponds to the difference 
n-n g between the first refractive index nl and the third 
refractive index n g and to the difference between the 
5 second refractive index n2 and the third refractive index 
n g . 

The diameters dl and d2 and the inner and outer 
radii r ± and r e of the doped ring are referenced on curve 
C. 

10 The second refractive index n2 decreases between the 

inside and the outside of the multimode core. More 
precisely, the second refractive index n2 remains 
substantially constant out to about 6 /im, and then 
decreases going out to 15 /im. The difference between the 

15 first and second refractive indices nl and n2 is always 
greater than 0.01. 

Naturally, the invention is not limited to the 
embodiment described above. 

In a variant, the single-mode core 10 contains 

2 0 phosphorous dopants instead of (or in addition to) 

germanium dopants in order to increase Raman gain, in 
particular at the bottom margin of band C. In this 
variant, the wavelength of a Raman pump selected 
accordingly is equal to about 13 05 nm. 

2 5 In another variant, the wavelength of a Raman pump 

is not only distinct from a wavelength of any optical 
signal for amplifying, but is also selected to lie in the 
gain range obtained by the active rare earth ions so as 
to amplify the Raman single-mode pump wave. 
30 The cross-section of the fiber may present a 

multimode core of geometry that is cylindrical, 
substantially polygonal, or multi-lobed, so as to 
encourage better absorption of light power by the rare 
earth doped ring. 

3 5 The invention is also applicable to band L or any 

other band. 
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The fiber may also be made on the basis of fluoride 
glass . 

The erbium-doped ring may contain additional dopant 
selected from the following: Li 2 0, Na 2 0, K 2 0, Rb 2 0, Cs 2 0, 
BeO, MgO, CaO, SrO, and BaO. 

Finally, any means may be replaced by equivalent 
means without going beyond the ambit of the invention. 



